Background/Aims: The generation of reactive oxygen species (ROS) caused by amyloid-β (Aβ) is considered to be one of mechanisms underlying the development of Alzheimer's disease. Curcumin can attenuate Aβ-induced neurotoxicity through ROS scavenging, but the protective effect of intracellular curcumin on neurocyte membranes against extracellular Aβ may be compromised. To address this issue, we synthesized a palmitic acid curcumin ester (P-curcumin) which can be cultivated on the cell membrane and investigated the neuroprotective effect of P-curcumin and its interaction with Aβ. Methods: P-curcumin was prepared through chemical synthesis. Its structure was determined via nuclear magnetic resonance (NMR) and highresolution mass spectrometry (HRMS). An MTT assay was used to assess Aβ cytotoxicity and the protective effect of P-curcumin on SH-SY5Y cells. The effect of P-curcumin on Aβ-induced ROS production in vitro and in vivo were assessed based on changes in dichlorofluorescein (DCF) fluorescence. A spectrophotometric method was employed to detect lipid peroxidation. To mimic the interaction of P-curcumin on cell membranes with Aβ, liposomes were prepared by thin film method. Finally, the interactions between free P-curcumin and P-curcumin cultivated on liposomes and Aβ were determined via spectrophotometry. Results: A novel derivative, palmitic acid curcumin ester was prepared and characterized. This curcumin, cultivated on the membranes of neurocytes, may prevent Aβ-mediated ROS production and may inhibit the direct interaction between Aβ and the cellular membrane. Furthermore, P-curcumin could scavenge Aβ-mediated ROS as curcumin in vitro and in vivo, and had the potential to prevent lipid peroxidation. Morphological analyses showed that P-curcumin was better than curcumin at protecting cell shape. To examine P-curcumin's ability to attenuate direct interaction between Aβ and cell membranes, the binding affinity of Aβ to curcumin and P-curcumin was determined. The association constants for free P-curcumin and curcumin were 7.66 × 10 , respectively. In the liposome-trapped state, the association constants were 3.71 × 10 5 M -1 for P-curcumin and 1.44× 10 6 M -1 for curcumin. With this data, the thermodynamic constants of P-curcumin association with soluble Aβ (ΔH, ΔS, and ΔG) were also determined. Conclusion: Cultivated curcumin weakened the direct interaction between Aβ and cell membranes and showed greater neuroprotective effects against Aβ insult than free curcumin.
Introduction
Alzheimer's disease (AD) is a devastating neurodegenerative disease and is the primary cause of cognitive impairment worldwide; elderly individuals are at the highest risk for developing the disease [1] . Multiple factors have been suggested to contribute to the development of AD, among which amyloid-β (Aβ) and oxidative stress have been well investigated [2, 3] . Recently emerged evidence indicates that the abnormal misfolding and aggregation of Aβ peptides into β-sheet-enriched fibrillar aggregates are involved in the initial neurodegeneration found in AD [4] , which disrupts neuronal synaptic plasticity and results in early cognitive impairment [5, 6] . Aβ, a peptide composed of 39-42 amino acids, is usually produced in all neurons through sequential proteolytic processing of a membraneattached amyloid precursor protein (APP) [7] [8] [9] . Although multiple assemblies of Aβ exist, Aβ oligomers play a central role in the start of AD [10, 11] . Therefore, Aβ oligomerization inhibitors have been proposed as novel therapeutic agents for the treatment of AD [6, [12] [13] [14] . The mechanism by which Aβ exerts cellular toxicity has been extensively studied. Some details, such as oxidative stress and Aβ interaction with the cell membrane leading to dysfunction of nerve cells, are well-accepted concepts in senile degenerative disease [15] . Increased oxidative damage by reactive oxygen species (ROS) and reactive nitrogen species is consistently found in the brains of patients with AD [16] ; biometals, mitochondrial dysfunction, and Aβ are the main contributors [17] . Aβ generates ROS through Fenton-like reactions in the presence of metal ions, as has been proven through in vitro assays [18] . The toxic properties of Aβ are mediated by several mechanisms, such as oxidative stress, mitochondrial diffusion, alterations in membrane permeability, inflammation, synaptic dysfunction, and excitotoxicity, and through interaction with neurotransmitter receptors [19] [20] [21] [22] .
Preclinical studies have shown that antioxidant therapy for AD has achieved general success [23] . The intake of curcumin, the main active ingredient in the spice turmeric, has been suggested to account for the lower incidence and prevalence of AD in the East Asian population [24, 25] . Studies have shown that curcumin has diverse biological properties, including antioxidant, anti-inflammatory, and anti-cancer properties [26] [27] [28] . The neuroprotective effect of curcumin that improves the pathology of AD is believed to be partly due to its anti-oxidative and anti-inflammatory properties [29] . In addition, numerous studies have been conducted to determine how curcumin directly affects the Aβ aggregation process; unfortunately, inconsistent and sometimes contradictory findings have been reported [30] [31] [32] . Therefore, the interaction of curcumin with Aβ remains to be elucidated. While generally directly disrupting Aβ aggregation, curcumin is involved in attenuating the toxicity of Aβ through multiple pathways, such as the inhibition of oxidative damage and tau hyperphosphorylation [33, 34] and an increase in cellular phagocytosis of macrophages for the removal of Aβ [35] . Curcumin has also been used for detecting Aβ in the diagnosis of AD due to its fluorescent characteristic [36, 37] . However, to date, only a few studies regarding the effect of curcumin on neurocyte membranes have been conducted. As curcumin is now known to show excellent antioxidative activity, accumulated curcumin on cell membranes may be beneficial in protecting these membranes from oxidative damage and from direct Aβ insult. To test this hypothesis, we attached palmitic acid to curcumin through an ester bond in order to investigate its protective effect on SH-SY5Y against Aβ insult. Our results clearly showed that the modified curcumin could attenuate Aβ-induced cellular damage and had similar advantages to curcumin in neuroprotection. 
Preparation of Αβ aggregates
Lyophilized Aβ 40 (1.5 mg; Peptide Institute, Shanghai) was placed in siliconized Eppendorf tubes (1.5 ml) and dissolved in 600 µL of cold 1, 1,1, 3,3, 3-hexafluoro-2-propanol (HFIP), a hydrogen-bond breaker used to eliminate pre-existing structural in homogeneities in Αβ [38] . This solution was incubated for 10 min until it became clear. Then, 340 µL of deionized water was added and incubated for 20 min. Finally, the mixture was centrifuged at 10000 rpm for 10 min. The supernatant was transferred to a new tube and blow dried with N 2 (10 min). The resulting peptide was stored as a film at −20 °C. Before use, the HFIP-pre-treated Aβ was resuspended in dimethyl sulfoxide (DMSO) and sonicated for 15 min. In order to prepare oligomer Aβ 40 , the above Aβ 40 solution was rocked on a shaker (500 rpm) for 24 h, as described previously [39] . The resulting oligomer Aβ 40 solution was stored at 4 °C and used within 7 days for cell viability and other assays. Curcumin and P-curcumin used in the present study were dissolved in 10 mM DMSO. The experimental procedures were performed in the dark to avoid light exposure.
Cell viability (MTT assay)
SH-SY5Y cells were plated at a density of 1 × 10 4 cells/well into 96-well plates and incubated for 12 h at 37 °C. Following the removal of cell culture, varying amounts of P-curcumin were added in DMEM without FBS and incubated in a humidified atmosphere of 5% CO 2 for 24 h. Then, 10 µL of MTT solution (5 mg/mL) was added to each well and incubated for 4 h. The cell culture was removed and 100 μL of DMSO was added to each well to dissolve the formazan crystals. The measurement of absorptions of the solutions, which were related to the number of live cells, was performed on a microplate reader (MK3, Thermo Scientific) at 570 nm. Percent growth inhibition was defined as percent absorbance inhibition within appropriate absorbance in each cell line. The same assay was performed in triplets.
For the assay of the protective effect of P-curcumin against Aβ toxicity, a similar protocol was used as described above, but with slight modifications. The cells seeded in the well plate were grown in DMEM with FBS for 24 h. After removal of the cell culture, the cells were pretreated with P-curcumin (0.2 µM) for 4 h and then incubated with 10 µM Aβ 40 for 24 h. Finally, MTT was added as mentioned above to perform the assay. Morphological studies were conducted using an inverted microscope (Zeiss, vert A1, Shanghai Batuo Instrument Co., Ltd, Shanghai, China). The images of SH-SY5Y cells exposed to P-curcumin (2.5 or 5.0 µM P-curcumin or P-curcumin-Cu) for 16 h or 48 h were recorded (objective size: 10 ×20).
ROS detection in vitro and in vivo
The assessment of ROS production was conducted as previously reported [40] . In brief, H 2 DCF-DA was first converted to dichlorofluorescein (DCF) by NaOH; the neutralized hydrolysate was used for the in vitro assay. The reaction system contained a single reagent or multicomponents in 50 mM sodium phosphate buffer (pH 7.4) with a total volume of 1 mL, i.e., 0.4 μM DCF, or with 2 μM (NH 4 ) 2 Fe(SO 4 ) 2 (or CuCl 2 , P-curcumin, curcumin, and Aβ 40 ) and 20 μM H 2 O 2 for the Fenton reactions. Fluorescence was detected using an FC-960 spectrofluorometer (excitation at 488 and emission at 525 nm) over 4.5 min at room temperature.
The intracellular ROS assay was measured as recommended by the company (Beyotime Biotechnology, Beijing, China). Approximately 10 6 SH-SY5Y cells were used in the assay. Following washing with PBS, the cell pellets were re-suspended in H 2 DCF-DA containing serum-free culture medium and incubated for 30 min. Next, the stained cells were washed with serum-free culture medium. Then, 100 μL of the cell culture was transferred to individual polymerase chain reaction (PCR) tubes and the test compound (or positive control) was added, followed by incubation for 5 h. Next, 10 μM oligomer Aβ 40 (with or without copper chloride) was added and incubated for 24 h. The cell suspension was used directly for ROS detection (excitation at 488 nm and emission at 525 nm) using an FC-960 spectrofluorometer.
Preparation of liposome trapped P-curcumin
Liposomes were prepared via the thin film method with some modifications [41] . In brief, soya lecithin (200 mg) and cholesterol (20 mg) were dissolved in 5 ml of chloroform and 10 mg P-curcumin was added to the solution. The mixture was evaporated in a rotary evaporator at 50 °C. The thin film that formed in the round-bottomed flask was hydrated with 5 ml of 50 mM phosphate buffer (pH 6.8) for 12 h and sonicated for 30 min. A clear solution was obtained, which was stored at 4 °C. The enhanced fluorescence (10-fold) of P-curcumin was also observed.
Lipid peroxidation assay
Lipid peroxidation analysis was performed based on spectrophotometry, in which the ferrous ion is oxidized by lipid hydroperoxides to the ferric ion and subsequently reacts with thiocyanate to form a colored complex [42] . Briefly, the trypsinized cells were collected and treated with the investigated drugs (or Aβ) for 4 h; the supernatant was removed by centrifugation and washed with PBS. The peroxidized lipid was extracted using deoxygenated CHCl 3 /MeOH (2:1, v/v mixture, 1000 μL), and the lipids were transferred to a 5 mL volumetric flask, which contained 100 μL of ferrous sulfate (0.2 M HCl) and 100 μL of 3% deoxygenated thiocyanate (methanol) for 60 min. Finally, deoxygenated CHCl 3 /MeOH solvents were added to the given volume. The absorbances at 500 nm were measured using a UV-2450 spectrophotometer (Shimadzu Co. Ltd, Suzhou, China). The molar absorptivity of the ferric thiocyanate complex expressed per mol of LOOH was determined to be 58, 440 M -1 cm -1 [42] .
UV-vis spectrophotometric measurements
The absorbance spectra of P-curcumin were recorded using a UV-2450 spectrophotometer (Shimadzu) within the UV region (200-600 nm). The titration of P-curcumin (10 μM) in 50 mM Tris-HCl, pH 7.4, containing 10% methanol, was performed by the addition of various concentrations of Aβ 40 at 298 K. For liposome titration, the spectra were obtained in normal saline.
Fluorescence measurements
For the fluorescence spectra, the excitation wavelength was set at 275 nm and the emission spectra were recorded in the 300-550 nm range. Both excitation and emission slit widths were adjusted to 5 nm. In this assay, 4.0 mL of P-curcumin (or curcumin as control) solution at a fixed concentration of 10 ×10
-5 M was accurately added into the quartz cell (1-cm path length) and manually titrated by successive additions of 1.0 mM Aβ at intervals of 5 min. Fluorescence emission spectra were then obtained using an RF-5301 spectrofluorophotometer (Shimadzu Scientific Instruments, Kyoto, Japan) at three different temperatures (298, 306, and 310 K).
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Statistical analysis
Data were analyzed with Prism 5.0 (GraphPad Software Inc., San Diego, USA). Comparisons were made using Student's t-test. Results were presented as the mean ± SD. P < 0.05 was considered statistically significant.
Results

Antiproliferative activity of palmitic acid curcumin ester (P-curcumin)
Aβ is toxic to neuron or nerve cells through ROS or direct interaction with the cell membrane [22] , thus, ROS scavengers, such as curcumin, are potent protectants against Aβ toxicity. To achieve an optimal effect, a ROS scavenger can be cultivated on neuron or nerve cell surfaces. To test this hypothesis, we chose palmitic acid as a root that stretches across the cell membrane and prepared the curcumin ester (P-curcumin) through chemical synthesis, as described in the experimental section. The structure of the ester was characterized by nuclear magnetic resonance (NMR) and mass spectrometry (MS) spectra (for all online suppl. material, see www.karger.com/doi/ 10.1159/000485117, Fig. S2-S4 ), as indicated in Fig. 1a . The spectral data showed that the compound had adequate purity (>95%, see online suppl. material, Fig. S1-S2 ). Next, we screened the preliminarily cytotoxicity of P-curcumin against SH-SY5Y human neuroblastoma cells. The resultant dose-response curves are depicted in Fig. 1b , where it can be seen that P-curcumin exhibited significant inhibition (30%) in a concentration-independent manner, and that the half-maximal inhibition concentration (IC 50 ) of curcumin was 23.8 μM. Moreover, because P-curcumin was made from a combination of palmitic acid and curcumin with an ester bond and esterase is present in cells, in order to exclude the possibility that P-curcumin cytotoxicity due to either palmitic acid or curcumin, the effect of palmitic acid and P-curcumin on neuroblastoma cells was also investigated. As shown, see online suppl. material, in Fig. S5a , palmitic acid did not exhibit obvious cytotoxicity bellow 25 μM and P-curcumin displayed a different cytotoxic profile, indicating that the P-curcumin was not hydrolyzed by esterase. Thus, the possibility that the cytotoxic effect of P-curcumin was from either reacting agent was excluded.
Cultivation of P-curcumin on the cellular membrane
Following the MTT assay, we examined the distribution of P-curcumin via cell staining (using curcumin as a control) based on its fluorescent features. As shown in Fig. 2b , P-curcumin accumulated on the cell surface, indicating that the long fatty chain was inserted into the cell membrane. However, curcumin did not exhibit this feature (Fig. 2e) . To exclude the possibility that the palmitic acid affected the distribution of curcumin, the SH-SY5Y cells were synchronously treated with curcumin and palmitic acid. As shown, see online suppl. material, in Figs. S5b-c, the presence of palmitic acid did not alter the distribution of curcumin (see online suppl. material, Fig. S5b-c) , indicating that only P-curcumin possessed [37] . We questioned whether the "cultivated" curcumin had characteristics similar to those of curcumin; thus, we evaluated the effect of oligomer Aβ (in the study, Aβ represent Aβ 40 , unless otherwise indicated) on cellular fluorescence. Aβ oligomer has been identified as one of the main components in the brain of patients with AD; therefore, we prepared the oligomer according to a method described in the literature [38] . As expected, there was a slight enhancement in the fluorescence upon addition of oligomeric Aβ to the P-curcuminstained cells (Fig. 2c) , indicating that the interaction of Aβ with cultivated curcumin was similar to that with free curcumin (Fig. 2f ).
Protective effect of P-curcumin on SH-SY5Y cells exposed to Aβ
As mentioned above, oligomer Aβ is one of the toxic peptide oligomers, and it has been well documented that curcumin attenuates the toxicity of oligomer Aβ by inhibiting the aggregation of Aβ or ROS scavenging [42, 43] . Therefore, we evaluated if P-curcumin had a similar protective effect as curcumin. We preloaded p-curcumin on the cell surface before addition of 10 µM Aβ. As shown in Fig. 3a , P-curcumin attenuated the cytotoxicity of Aβ similar to curcumin, indicating that the modification did not significantly change the attenuation of cytotoxicity caused by soluble Aβ (Fig. 3a) . Copper ion is another contributor to AD pathology and acts concomitantly with Aβ. Thus, the protective effect of the agents on Aβ in the presence of copper ions was also investigated. Both curcumin and P-curcumin exhibited some degree of protective effect, as indicated in Fig. 3a . To further assess the protective effect of P-curcumin against fibrillar Aβ, a similar protocol was applied and similar results were obtained as with soluble Aβ. However, P-curcumin exhibited a marginally enhanced protective effect compared with curcumin (Fig. 3b) .
Protective effect of P-curcumin on SH-SY5Y cell morphology
To determine whether P-curcumin affects cellular morphology, the changes in morphology after exposure to P-curcumin were recorded; as a control, curcumin-treated cells were included in microscopic analyses. As shown in Fig. 4 , P-curcumin exhibited a weaker effect on cell morphology than curcumin (Figs. 4b-c) . To further determine the protective effect against oligomeric Aβ insult, the effect of Aβ on SH-SY5Y cells was assessed. Fig. 4d clearly showed cytotoxicity caused by Aβ, which caused the cells to be round. However, in the 
presence of P-curcumin, the cellular morphology did not significantly change, whereas in the presence of curcumin, the cells were partly round (Figs. 4e-f) .
ROS scavenging ability of P-curcumin in vitro and in vivo
Many studies have shown that curcumin scavenges ROS, thereby protecting the host cell, and led to a question of whether the modification of curcumin to P-curcumin would change this antioxidant feature. P-curcumin also has potent metal chelating ability, which may involve Fenton-like reactions. Therefore, the ROS generation and scavenging ability of P-curcumin in different conditions were assessed. The addition of P-curcumin (or curcumin) to a Fenton reaction in vitro led to a decrease in ROS (Fig. 5a ), indicating that P-curcumin (or curcumin) acts as an ROS scavenger or that P-curcumin-Fe 2+ was not redox active. In the presence of ferrous ions, Aβ has a strong ROS-generating ability [44] , but the introduction of P-curcumin (or curcumin) caused a significant decrease in ROS (Fig. 5a ), which indicated that P-curcumin (or curcumin) can counteract Aβ-mediated ROS. Similarly, Aβ in the presence of copper ions can induce massive ROS (Fig. 5 b) , and P-curcumin (or curcumin) efficiently decreased the ROS levels. Interestingly, Aβ induced decomposition of hydrogen peroxide . Data were collected from two independent experiments.**p<0.05 and ***p<0.01 indicate significant differences between control (dimethyl sulfoxide or Aβ or Aβ + Cu) and the P-curcumin treated group. Fig. 5b) to produce ROS, and P-curcumin (curcumin) reduced the levels of ROS. An in vivo ROS assay confirmed that P-curcumin and curcumin can act as ROS scavengers in the abovementioned conditions, indicating that the modification of curcumin did not alter its behavior (Fig. 5c ).
Lipid peroxidation in the presence of P-curcumin during ROS stimulation
AD pathology is correlated to ROS-induced oxidative stress. The source of ROS originates from intracellular and extracellular ROS. Aβ in the presence of metal ions, such iron or copper ions, was involved in Fenton-like reactions [22] , and oligomeric or fibrillar Aβ-mediated ROS production was extracellular, which may directly contribute to lipid peroxidation. Therefore, the cultivated curcumin may efficiently protect lipids from peroxidation. To test this hypothesis, a lipid peroxidation assay was performed [41] . As shown in Fig. 6a , in the presence of soluble Aβ, P-curcumin, similar to curcumin, significantly reduced lipid peroxidation. The protective effect of P-curcumin was less than that of curcumin, which may be due to the presence of fewer phenol groups in P-curcumin. Similar protective effects against peroxidation caused by fibrillar Aβ were observed, but the difference was that the protective effect of P-curcumin was superior to that of curcumin in the presence of copper ions and Aβ mediated membrane peroxidation (Fig. 6b) .
Investigation into the interaction of P-curcumin and liposome-trapped P-curcumin with Aβ via UV-vis spectrometry
As mentioned above, we hypothesized that P-curcumin may isolate the direct interaction of oligomeric or fibrillar Aβ with the cell membrane, which may decrease the risk of . 6 . Protective effect of P-curcumin and curcumin on cellular lipid peroxidation in the presence of soluble Aβ (a) and fibrillar Aβ (b) insults. The absorbance at 500 nm was normalized using dimethyl sulfoxide (DMSO) as a control. The average values of two independent experiments were considered. **p<0.05 and ***p<0.01 indicate significant differences between the control (DMSO or Aβ or Aβ+Cu) and the agent treated group. exogenous Aβ affecting neurocyte function. Therefore, we examined the binding affinity to analyze the interaction between Aβ and P-curcumin. Using UV-vis spectrometry, we observed that free P-curcumin interacted with oligomeric Aβ. As shown in Fig. 7a , the absorbance of P-curcumin decreased upon the addition of Aβ, thereby indicating an interaction between them. To quantitatively analyze this interaction, the Benesi-Hildebrand equation was used to determine the interaction-related thermodynamic parameter [45] :
where ΔA abs is the change in the absorbance at 413 nm, K is the binding constant, [S] is the concentration of P-curcumin, [L] is the concentration of Aβ, and Δε (or Δε = ε Aβ-P-curcumin -ε Aβ -ε P-curcumin ) is the extinction coefficient at 430 nm. The binding constant can be calculated from a double-reciprocal plot (1/(∆A) against 1/[Aβ]). As shown in Fig. 7a , the decrease in absorbance of P-curcumin was observed upon addition of Aβ. Thus, based on equation (1), the K value at a given condition can be obtained using the ratio of intercept and the slope, which was found to be approximately 7.66 × 10 4 M -1
. The binding constant at a specific condition did not truly reflect the real interaction with cell membrane. In the free state, the tail of the fatty acid was folded back towards the curcumin (as shown in Fig. 1a , minimum energy, data not shown). To mimic the interaction on the cellular membrane, the liposome-trapped P-curcumin was prepared based on a literature method [46] . The physical parameters of the prepared liposome were determined. The average size of P-curcumin and curcumin-trapped liposomes were 26.29 nm and 39.89 nm, respectively (see online suppl. material, Fig. S6 ). The zeta potentials of the liposomes for P-curcumin and curcumin were -3.87 mV and -3.29 mV, respectively. Next, the liposome was titrated with Aβ (Fig. 7b) . There was a significant difference between free P-curcumin and curcumin trapped in liposomes (Fig. 7a-b) . In contrast to free P-curcumin, for liposome-encased curcumin there was almost no change in absorbance at 430 nm, but the absorbance increased in the range of 205-230 nm, which may stem from the interaction, since the contribution of Aβ (1 μM) in the same range was far less than the above mentioned changes in absorbance (< 0.01 at 215 nm), thus the absorption changes at 215 nm were used for calculation (Fig. 7c) , and the value of K was determined to be 3.71 × 10 5 M -1
. The interaction between the liposome trapped P-curcumin and Aβ on the liposome was significantly decreased compared with free P-curcumin. To assess whether the changes in binding affinity occurred after the modification, we evaluated the binding affinities of curcumin in the same conditions (see online suppl. material, Fig. S7a 
Analysis of interaction of P-curcumin with Aβ via fluorescence spectrometry
Owing to the presence of tyrosine aromatic amino acids, Aβ has intrinsic fluorescence. Thus, we used this characteristic to investigate the interaction of Aβ with P-curcumin. Due to self-polymerization of P-curcumin (data not shown), fluorescence titration was performed in a buffer containing 10% methanol. As shown in Fig.  8a , the fluorescence intensity remarkably decreased as the P-curcumin concentration increased. Moreover, the emission peak did not significantly shift on Aβ-P-curcumin complex formation, indicating that P-curcumin could interact with Aβ. To obtain insights into the nature of the interactions between Aβ and P-curcumin, the fluorescence quenching profile of Aβ was modeled using the following Stern-Volmer equation [47] .
where F 0 and F are the steady-state fluorescence intensities in the absence and presence of a quencher, respectively, [Q] is the concentration of the quencher (P-curcumin), Ksv is the Stern-Volmer dynamic quenching rate constant, τ 0 is the fluorescence lifetime of the protein without the quencher (the average life of a fluorescence molecule is 10 -8 s [46] ), and Kq is the quenching rate constant. A plot was generated of F 0 /F versus [Q] (Fig. 8b) . The plots exhibited a nonlinear relationship at a P-curcumin-Aβ molar ratio of ≤ 2:1, suggesting that a mixing type of quenching pattern, static and dynamic, occurred. In general, in dynamic quenching, increasing the temperature results in faster diffusion and, hence, larger amounts of collision, which increases the quenching constant, whereas in static quenching, increasing the temperature weakens the stability of the complex, reducing the quenching constant [47] . To further clarify the underlying quenching mechanism, the Stern-Volmer plots at different temperatures were generated. As shown in Fig. 8b , the curves changed as the temperature increased; however, curved lines were observed, indicating a mixing quenching model. Furthermore, we observed a linear relationship when the ratio of Aβ to P-curcumin was ≤ 1 (Fig. 8c) , and in the given conditions, the slope of Stern-Volmer plot decreased as the temperature increased, showing that static quenching dominated at less saturated states. When P-curcumin was in excess, the dynamic quenching also contributed to the decrease in fluorescence.
In order to understand the contribution of dynamic quenching at higher ratios of P-curcumin to Aβ, the quenching process was further analyzed using the following modified
Stern-Volmer equation [48] :
where F 0 and F are the fluorescence intensities in the absence and presence of the quencher, respectively, K a is the effective quenching constant, which is analogous to the association binding constants in the system, [Q] is the concentration of the quencher, and f a is the fraction of accessible fluorescence. As shown in Fig. 9 , the plots of
were linear under the investigated quencher concentrations. As the temperature increased, the slopes of the lines increased, indicating that the binding of P-curcumin to Aβ decreased when the temperature increased.
Binding constants and binding sites for P-curcumin
The equilibrium process of Aβ and P-curcumin could be described by Equation (4) , and the association constant (K b ) and number of binding sites (n) were calculated through using the plots [49] :
K b and n were obtained from the intercept and slope of the curve. Thus, the plots of log [(F 0 -F)/F] versus log [Q] were generated to determine the binding parameters (Fig.  10) . We found that n values were 0.5-0.75; the value also showed that K b increased as the temperature increased. This was in accordance with the aforementioned trend of K sv .
Thermodynamic parameters and nature of binding forces
The interaction of small molecules with biomacromolecules involves hydrogen bonds, electrostatic interactions, van der Waals interactions, and hydrophobic forces, which can be distinguished from thermodynamic parameters: ΔH > 0 and ΔS > 0 implied a hydrophobic interaction, ΔH < 0 and ΔS < 0 implied hydrogen bonding and van der Waals interactions, and ΔH < 0 and ΔS > 0 implied electrostatic interactions [50] . The thermodynamic parameters were obtained using the van't Hoff equation (5):
where K is the binding constant, T is the absolute temperature, and R is the universal gas constant. ΔH and ΔS were obtained from the slope and intercept of the linear van't Hoff plot (shown in Fig. 11 ). The free energy change (ΔG) was estimated using the following formula: ΔG = ΔH -TΔS The values of ΔH, ΔS, and ΔG for P-curcumin binding to Aβ (at 298 K) were determined to be -162.69 (kJ/mol), -472.24 (J/molK), and -21.96 (kJ/mol), respectively. Based on the views of Ross and Subramanian, a negative value for ΔH and ΔS implied that the interaction between P-curcumin and Aβ was through hydrogen bonding and van der Waals interactions; the negative value for ΔG reveals that the interaction process was spontaneous. 
Discussion
It is a well-accepted concept in senile degenerative disease that Aβ exerts cellular toxicity through oxidative stress and interaction with a cholesterol-enriched, low-density membrane domain that leads to dysfunction of nerve cells [51] . The disruption of Aβ aggregation or interaction with the membrane is beneficial to patients with AD. Curcumin has been extensively studied due to its excellent antioxidant feature and radical scavenging capacity [52, 53] . Furthermore, it has shown beneficial effects in patients with AD in East Asia [24] . Mechanistic studies have revealed that curcumin can alter Aβ state during the aggregation process and dissolve oligomerized Aβ [54] . Therefore, many curcumin derivatives have been synthesized to improve its therapeutic effect. Curcumin has a protective effect on neurocytes through an interaction with Aβ and scavenges ROS; therefore, cultivating curcumin on cell surfaces may efficiently isolate the direct interaction of Aβ and cell membrane. To test this hypothesis, we modified curcumin with a long chain fatty acid, palmitic acid, through an ester bond. The resultant P-curcumin had the capacity to attach to the cell membrane. The staining of SH-SY5Y cells clearly showed that P-curcumin was localized on the cell surface, while unmodified curcumin was uniformly distributed across the whole cell (Fig. 2) . The distribution of P-curcumin on the cell membrane was not uniform; certain parts showed strong fluorescence, indicating its specific affinity to some lipid components. In the presence of Aβ, curcumin-enhanced fluorescence was observed in P-curcumin-treated cells; however, no significant difference was observed. We assessed the antiproliferative effect of P-curcumin against SH-SY5Y cells. A time-independent growth inhibition was observed, which has an advantage over curcumin and potent applications in AD therapy. There was no significant difference in resistance to Aβ (soluble and fibrillar) insult, showing a similar protective effect (Fig. 3) . It has been demonstrated that affecting cell morphology can also determine cell function, and the cell shape change due to affecting attachment had a potential effect on cell differentiation [55, 56] . Importantly, neurocyte growth patterns may be correlated to synaptic functions [57] . The change in morphology induced by the drug may affect neurocyte growth. Thus, we investigated the effect of P-curcumin on the morphology of SH-SY5Y cells. Interestingly, P-curcumin had a much weaker effect on cell morphology than curcumin (Fig.  4) during the 24-h incubation period, which may imply a lesser effect on neuron function. However, P-curcumin can alter the components of cell membranes, leading to changes in cell fluidity [58, 59] . The cytotoxicity of Aβ was due to the generation of ROS, and, therefore, the scavenging of ROS by P-curcumin is critical. Data from in vitro and in vivo studies clearly showed that the modification did not alter its antioxidant activity (Fig. 5) . We observed that in the presence of copper or ferrous ions, the generation of ROS by Aβ was enhanced, which is consistent with the literature [18, 60] . Lipid peroxidation is an ROS oxidative product, which may impair normal cell function. Thus, lipid peroxidation was further evaluated. Both curcumin and P-curcumin could decrease lipid peroxidation induced by Aβ, but the former decreased the peroxidation to a greater degree. This may be due to the presence of fewer phenol groups after a phenol group was used for the ester bond in P-curcumin (Fig. 6a) . However, in the presence of fibrillar Aβ, P-curcumin is stronger than curcumin in reducing Aβ cytotoxicity (Fig. 6b) . In contrast, numerous studies have demonstrated that neurotoxicity is influenced by the interaction of Aβ with cell membranes through the formation of annular Aβ structures bound to lipid membranes or carpet-like coverings on the cell surface [61, 62] . Therefore, altering Aβ aggregation or attenuating the direct interaction of Aβ oligomers with cell membranes was a good option to reduce the adverse consequences of Aβ. We cultivated curcumin on the cell surface to isolate the direct interaction between Aβ and the cell membrane. To evaluate the isolation, we determined the interaction parameters, such as the binding affinity of curcumin and P-curcumin to Aβ. Spectral techniques are widely used to determine the interactions between biomacromolecules and ligands. Thus, based on spectral methods, the binding affinity of P-curcumin in the free state with Aβ was determined to be approximately 7.66 × 10 4 M -1
. Accordingly, the binding affinity of curcumin at the same condition was also evaluated for comparison (7.61×10 5 M
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Cellular Physiology and Biochemistry after the modification, which could have been caused by the attenuation of the interaction between Aβ and curcumin due to disruption of the fatty chain. To mimic the interaction of Aβ with the membrane, cholesterol-enriched liposomes and liposome-trapped P-curcumin were prepared. In the given condition, the binding constants for P-curcumin and curcumin were found to be 3.71× 10 5 and 1.44×10 6 M -1
, respectively. The binding affinities were different in free and liposome-trapped states. This may be because in the trapped form, the fatty chain (P-curcumin) can be extended to liposomes through hydrophobic interactions, while the head (curcumin) could be fully or partly protruded out of the surface of the liposome. The differences in binding affinity (free and liposome) may reflect the difference in conformation of P-curcumin. On the other hand, the difference between curcumin and P-curcumin in binding affinities to liposomes may also reflect the difference in the state of curcumin in the liposome. Curcumin trapped in liposomes may be fully buried, due to which Aβ interacts directly with the surface of the liposome. However, in the case of P-curcumin-trapped liposomes, the proportion of Aβ interactions with the surface of the liposome was lower than that in curcumin-trapped liposomes. The association constant for P-curcumin-trapped liposomes was almost the same as that for curcumin-trapped liposome, which supports the above speculation. The interaction between Aβ and lipid vesicles can be modulated by surface charge and hydrophobicity of the membranes, and Aβ preferentially binds to negatively charged phosphatidylglycerol membranes and composite membranes containing negatively charged lipids compared with neutrally charged membranes [8] . Therefore, the difference in binding affinity between Aβ and liposomes was also indicative of the above-mentioned factors in the present study. However, to obtain more insights into the consequence of the modification, the effects of P-curcumin on membrane fluidity, ion channel, and receptors on membrane need to be extensively explored in future.
Conclusion
Placing curcumin on cell membrane surfaces by modifying curcumin with a fatty acid chain to isolate the direct Aβ interaction with the membrane was investigated. Data showed that the modification did not alter the antioxidant activity and ROS scavenging ability of curcumin. The beneficial aspect after the structural modification was the attenuating effect of curcumin on neurocyte morphology, which may be beneficial in neuron communication in patients with AD. The difference in association constants between liposome-trapped curcumin and P-curcumin also suggested that the cultivated curcumin could partly inhibit the direct interaction between Aβ and membrane, which may efficiently reduce the neurocyte damage induced by Aβ. This could find potential applications in the prevention and therapy of AD. However, the effects of P-curcumin on the membrane fluidity of neurocytes, neurocyte outgrowth, ion channel, and receptors on membrane need to be studied in detail.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
